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by 

T. C. Chawla and B. M. Hoglund 

ABSTRACT 

Flow transients initiated by rapid gas re lease were 
studied both experimentally and analytically. The mathe­
matical model developed was used to consider a multiple pm 
failure in a fas t - reactor subassembly. In formulating the 
model, it was assumed that the released gas filled the sub­
assembly cross section uniformly and that the coolant flow 
was incompressible . The inertial contribution of the liquid 
columns beyond the pin assembly, as well as the th ree -
dimensional flow effects in the inlet and outlet plenums, were 
considered. In the application of the model to out-of-pile 
simulation loops or in-pile test loops, points of departure m 
hydraulic simulation of the actual reactor conditions can be 
taken into account. A quantitative criterion for valid appli­
cation of the model was obtained in t e rms of breach size 
number of pins ruptured, initial gas-plenum p res su re and 
tempera ture , and subassembly operatmg conditions. The 
predictions of the flow transients obtamed by*neans of the 
L d e l agreed well with the experimental data. An example 
T t h e application of the model to a reactor configuration was 
given using an FFTF fuel subassembly. 

I. INTRODUCTION 

In the investigation of the phenomenology of failure propagation r e -
• f m a re lease of fission gas from a ruptured fuel pm. it is con-

sultmg [^°^^l'\llll , i ^ e s of gas re lease ra tes . The first regime 
.enient ^ ° ; ^ ; - ; ^ ^ ^ that resuft in a very rapid release of gas and may 
" " i r f l i u r e propagation by (1) thermal insulation of the adjacent pins as 
cause ifjcllJt t ransients that temporari ly void the region and/or 
a resul t of coolant t ^^ ^^^ i„iti^l burst of h igh-pressure 
(2) generation of the P ^ " / ^ ' ^ ^ ? " ^^^^ regime covers somewhat slower 
gas into a l — P ^ - ^ ^ ^ b X t M ' g a s e e L e ) rates of gas re lease that p ro-
(than the a ^ - - ' ^ ; ; ; " " ; / ^̂ ^̂  pLnomena associated with this regime of 
' ^ " r : i e : : has beln tudied ex'perimentally by Hoglund ^ M-' using a single 



heated channel in an out-of-pile water loop. They found for water as a 
coolant that the gas jet entrains liquid drops and produces spray cooling. 
The third regime covers still slower rates of gas re lease . In this regime 
the postulated mode of propagation is overheating of pins due to local flow 
reduction produced by the two-phase flow character is t ics of fission gas and 
sodium mixture. 

The present study is aimed at investigating both experimentally and 
analytically the phenomena associated with the first regime, i.e., the rapid 
gas release (neglecting the resis tance to the flow of gas internally in the 
fuel or assuming a breach occurring in the vicinity of gas plenunn region). 

As mentioned above, the rapid gas release could result in overheating 
of the cladding due to voiding of the region, or the adjacent fuel pins may be 
ruptured due to excessive deflection caused by the p re s su re pulses traveling 
radially from the rupture point. The sudden re lease of fission gas causes 
almost complete separation of the liquid column in the fuel subassembly into 
two parts in such a way that the lower liquid column experiences a rapid 
deceleration and the upper liquid column is rapidly accelerated. The rapidity 
of these flow transients results in generation of p r e s su re pulses of consider­
able intensity and width. In a recent experiment performed by Koenig,^ 
these p ressure pulses have resulted in some deformation of the hexagonal 
can containing the fuel assembly. 

In addition to pin-to-pin failure propagation as implied in the above 
description, the results of analysis indicate there exists a very definite 
possibility that in a multiple pin failure, where a considerable amount of 
fission gas may be ejected into a subassembly, the coolant flow in the lower 
liquid column would be reversed. A quantity of gas which makes its way 
into the inlet plenum would then enter other adjacent subassemblies. Reduc­
tion of coolant flow in the affected adjacent fuel assemblies would result due 
to the increased friction factor of the two-phase flow mixture. Hori and 
Friedland's one-dimensional analysis of the problem^ indicates that the 
ratio of the flow reduction (original flow rate minus the reduced flow rate) 
to the original flow is approximately equal to void fraction of the two-phase 
mixture. The temperature transients caused by the entrance of a two-phase 
mixture in adjacent subassemblies may result in propagation of failure to 
other subassemblies. In addition, the voiding caused by fission gas entering 
adjacent subassemblies may cause reactivity effects. 

An analysis of the rapid gas release was made by Hori and Friedland* 
m which they assumed that the ejected gas forms a single cylindrical bubble 
and subsequently expands isothermally, thereby expelling the coolant from 
the subassembly. Their calculation model i.s basically a "piston model, ' 
which has been extensively employed in calculation of voiding rates due to 
sudden vaporization of a superheated coolant in a reactor fuel assembly.^ ' ' 
Hon and Friedland also compared the results of their calculations with 
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out-of-pile water loop test data . ' They found that the experimental bubble 
size and blanketing time were about twice the calculated values. They 
attributed this discrepancy to mixing of the phases and to differences be­
tween the test and calculation conditions. 

Recently Kondo et al. '" performed two prel iminary simulation ex­
per iments in out-of-pile water loops. The first experiment simulated a 
pers i s ten t gas jet impinging on a single heated pin. They found that the 
cladding surface temperature dropped sharply at the point of gas jet im­
pingement. These findings are in agreement with more recently reported 
work of Hoglund et a l . , ' who also found that the most dominant mode of heat 
t ransfer at the point of gas-jet impingement is spray cooling with liquid 
entrained in the jet as it penetrates the coolant. The second experiment of 
Kondo et al. simulated a sudden burst of gas from the central pin of the 
64-pin assembly. They found that the hydraulic t ransients are very rapid 
and are accompanied by generation of p re s su re pulses of about 100 psi . 
Their calculation model for rapid gas release is identical to that by H o n 
and Friedland.* They suggested that any lack of agreement between the 
calculations and the data a r i ses from their choice of boundary conditions, 
which included a fixed inlet p re s su re . 

In an effort to develop an adequate predictive analytical capability, 
it was clear from a review of existing investigations of a rapid gas re lease 
that additional experiments were required to provide more detailed informa­
tion on the phenomenon involved. In addition, an adequate definition of the 
conditions for which an analytical model was valid was needed. It was also 
evident that points of departure in hydraulic simulation of actual reactor 
configuration and conditions should be adequately accounted for m a calcu­
lational model. These include (i) limited bypass floW because of the limited 
capacity of the available pumps in a simulation loop (nonconstancy of the 
p r e s s u r e drop ac ross the test section during the transients) and (ii) the in­
er t ia l lengths beyond the ends of the pin assembly. 

Specifically then, the objectives of the present study are : (1) to p ro ­
vide quantitative data regarding hydraulic t ransients , (2) to study the effect 
of var iables such as (a) gas-plenum p res su re , (b) rates of coolant flow, and 
re) tvpe and size of the cladding breach (holes and slots), (3) to observe 
ntenTitv and half-width of the p r e s su re pulses, and (4) to formulate an ana­

lytical model consistent with the experimental observations and conditions. 
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II . E X P E R I M E N T A L A P P A R A T U S 

The e x p e r i m e n t s w e r e p e r f o r m e d in a t e s t s ec t i on c o n s i s t i n g of a 
t r i a n g u l a r a r r a y of 19 p ins enc lo sed in a P l e x i g l a s channe l . The pin bundle 
cons i s t ed of 18, l / 4 - i n . - O D x 71 , l / 2 - i n . - l o n g , w i r e - w r a p p e d P l e x i g l a s r o d s 
su r round ing a c e n t r a l , hol low, s t a i n l e s s s t ee l tube , a l s o of l / 4 - i n . OD. The 

s p a c e r w i r e was of 0 . 0 5 - i n . d i a m ­
e t e r and w a s w r a p p e d on p i n s wi th 
a 12 - in . p i t ch . The whole pin 
bundle w a s s u p p o r t e d at the bo t tom 
by a p e r f o r a t e d g r id p l a t e . The 
P l e x i g l a s s ec t i on was m a d e in 
two h a l v e s which , when bol ted 
t o g e t h e r with O - r i n g s e a l i n g b e ­
tween t h e m , had a hexagona l 
i n t e r n a l c r o s s s e c t i o n . On the 
ou t s ide , the s ec t i on was r e c t a n ­
gu la r to minin:i ize r e f r a c t i o n in 
viewing the flow r e g i m e s ins ide 
the sec t ion . The whole a s s e m b l e d 
sec t ion was r e i n f o r c e d wi th four 
long bol t s and two end p l a t e s , and 
was moun ted v e r t i c a l l y , a s shown 
in F i g . 1 . 

To s i m u l a t e the r e l e a s e 
of f i s s ion g a s , the c e n t r a l tube 
had a p r e d r i l l e d o r i f i c e and was 
fitted with a p r e s s u r e - a c t u a t e d 
valve which a l lowed r e p e a t e d g a s -
r e l e a s e t e s t s wi thout d i s a s s e m b l y 
of the t e s t s e c t i o n . The valve 
s y s t e m was i n s t a l l e d in s ide the 

s t a in l e s s s tee l tube such that it divided the length of tube into a gas p l e n u m 
with a fixed volume of 0.75 cu in. at the top and a g a s - s u p p l y s e c t i o n in the 
bot tom. (The de ta i l s of th is a s s e m b l y a r e shown in F i g . 2.) The gas r e s e r ­
voi r was i n s t r u m e n t e d with a s m a l l , d y n a m i c p r e s s u r e t r a n s d u c e r . The 
ga s - supp ly sec t ion in the lower half of the tube conta ined an end fi t t ing for 
en t r ance of the g a s - s u p p l y tube . The i n t e r n a l end of the g a s - s u p p l y tube 
was fitted with an adap te r to a c c o m m o d a t e the de t en t of the p i s t o n a s s e m b l y . 
The only moving component was the s m a l l p i s t o n - v a l v e a s s e m b l y which was 
fitted with two O- r ing s e a l s , one on the top end and the o t h e r in the m i d d l e 
of the p is ton length. The gas r e s e r v o i r was c h a r g e d by apply ing gas p r e s ­
s u r e f rom the supply, which moved the p i s ton to the c lo sed p o s i t i o n . The 
gas then slowly leaked th rough the c e n t r M hole (made by m a c h i n i n g a flat 
on the p is ton pin) unti l the p r e s s u r e on both s i d e s was equa l . To i n i t i a t e 
gas r e l e a s e , the p r e s s u r e in the supply l ine was vented t h r o u g h a s o l e n o i d -
valve s y s t e m . As a r e s u l t , the p r e s s u r e f o r c e s on the p i s t o n b e c a m e 

Fig. 1. A View of the Experimental Arrangement. 
ANL Neg. No. 113-2572. 
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u n b a l a n c e d , and the p r e s s u r e in the 
top gas r e s e r v o i r (p lenum) qu ick ly 
moved the p i s ton to e x p o s e the o r i f i c e 
in the tube wa l l . To r e p e a t the e x ­
p e r i m e n t , the vent in the supply w a s 
c losed and the supply p r e s s u r e w a s 
appl ied aga in . 

The s c h e m a t i c d i a g r a m of 
the w a t e r - c i r c u l a t i o n loop , in which 
the 19-p in t e s t s ec t ion is i n s t a l l e d , 
i s shown in F i g . 3. The w a t e r for the 
coolan t to the t e s t s ec t i on w a s suppl ied 
by two p u m p s , e a c h of a p p r o x i m a t e l y 
1 5 0 - g p m capac i t y at a d i s c h a r g e p r e s ­
s u r e of 90 p s i a . A b y p a s s flow channe l 
was p l aced in p a r a l l e l wi th the t e s t 
s ec t i on to s i m u l a t e the flow p a t h s in 
the r e a c t o r c o r e . The flow r a t e 
t h r o u g h the t e s t s ec t i on w a s v a r i e d 
by con t ro l l i ng the b y p a s s - v a l v e open ­
ing. The w a t e r w a s m a i n t a i n e d a t 
r o o m t e m p e r a t u r e (~70°F) t h roughou t 
the e x p e r i m e n t . 

The t e s t s ec t i on was i n s t r u ­
m e n t e d wi th s e v e r a l p i e z o e l e c t r i c , 
d y n a m i c p r e s s u r e t r a n s d u c e r s l o c a t e d 
a t v a r i o u s ax ia l p o s i t i o n s a long the 
t e s t s ec t i on . T h e s e t r a n s d u c e r s w e r e 
p r o v i d e d to r e c o r d t r a n s i e n t p r e s s u r e s 
p r o d u c e d by the sudden r e l e a s e of gas 
f rom the o r i f i ce l o c a t e d in the wa l l of 
the c e n t r a l s t a i n l e s s s t ee l t u b e . Two 
H e i s e gauges w e r e a l s o p r o v i d e d to 
m e a s u r e the s y s t e m in le t and ou t le t 
p r e s s u r e s u n d e r s t e a d y - s t a t e c o n d i ­
t i o n s . The flow r a t e to the t e s t s e c ­
t ion was n: ieasured by a s t r a i n gauge 
type of d i f f e ren t i a l p r e s s u r e t r a n s ­
d u c e r p l aced a c r o s s an o r i f i c e . T h e 
a s s o c i a t e d r e c o r d i n g i n s t r u m e n t s a r e 

Fig. 2 

Schematic Diagram of Gas-release 
Assembly. ANL Neg. No. 113-3221. 
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shown in F i g . 4 . The mot ion of g a s - l i q u i d i n t e r f a c e s w a s o b s e r v e d by u s e 
of a h igh - speed c a m e r a o p e r a t i n g at a speed of 2000 f r a m e s / s e c . 

Fig. 3 

Schematic Diagram of 
Water-circulation Loop. 
ANL Neg. No. 900-657. 

Fig. 4 

Schematic Diagram of Lay­
out of Instrumentation. ANL 
Neg. No. 900-554. 
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The e x p e r i m e n t a l p r o c e d u r e c o n s i s t e d of se t t ing the d e s i r e d flow 
r a t e in the t e s t a s s e m b l y and the b y p a s s channe l . A s e r i e s of r u n s w e r e 
m a d e wi th v a r i o u s p r e s s u r e s in the gas p l e n u m . The d a t a ob ta ined for e a c h 
t e s t c o n s i s t e d of h i g h - s p e e d mo t ion p i c t u r e s to o b s e r v e the m o t i o n of the 
bubble i n t e r f a c e s , t r a n s i e n t p r e s s u r e s at v a r i o u s ax ia l l o c a t i o n s , t r a n s i e n t 
flow r a t e , and g a s - p l e n u m p r e s s u r e . Af te r d a t a w e r e ob ta ined for the d e ­
s i r e d r a n g e of g a s - p l e n u m p r e s s u r e s , the flow r a t e t h r o u g h the t e s t s e c t i o n 
w a s changed to a new va lue and the t e s t s w e r e r e p e a t e d . The r a n g e of p a ­
r a m e t e r s for t h e s e t e s t s w e r e : 

Coolant v e l o c i t y 
G a s - p l e n u m p r e s s u r e 
B r e a c h s i z e and shape 

L o c a t i o n of b r e a c h 

18, 30 fps 
500, 1000 p s i a 
0 . 0 6 3 - i n . - d i a hole 
l / l 6 X l / 8 - i n . ^ s lo t 
C e n t e r of rod bundle 

III. A TYPICAL TRANSIENT 

P r i o r to f o r m u l a t i o n of the 
a d v a n t a g e , for b e t t e r u n d e r s t a n d i n 
a typ ica l t r a n s i e n t in i t i a t ed by r a p 
typ ica l t r a n s i e n t a r e given in F i g s 

PRESSURE. 250 psi/in 
GAS PLENUM 

PRESSURE. 100 psi/ in. 

AT EXIT 

60 80 100 120 
TIME, msec 

Fig. 5 

Strip-chart Record for a Typical Transient 
(initial test conditions: coolant velocity -
28.0 fps; gas-plenum pressure = 995.0 psia; 
breach size = 1/16 x 1/8 in.^). ANL Neg. 
No. 900-562. 

m a t h e m a t i c a l m o d e l , it would be to ou r 
g of the p h e n o m e n o n involved , to c o n s i d e r 
id gas r e l e a s e . R e s u l t s p e r t a i n i n g to a 

5 and 6. F i g u r e 5 i n d i c a t e s tha t the flow 
into the t e s t sec t ion is r a p i d l y (in about 
35 m s e c ) r e d u c e d f r o m about 28 to about 
21 fps and then g r a d u a l l y r e c o v e r s i t s 
o r i g i n a l va lue , a c c o m p a n i e d by an o v e r ­
shoot in about 115 m s e c . The gas f r o m 
the gas pleni jm is d i s c h a r g e d a l m o s t c o m ­
p l e t e l y in a v e r y s h o r t t i m e (about 
40 m s e c ) . The p e a k p r e s s u r e p u l s e 
m e a s u r e d at the wal l of the t e s t s e c t i o n 
at i t s m i d p l a n e h a s a m a x i m u m i n t e n s i t y 
of a p p r o x i m a t e l y 100 p s i above the loca l 
s y s t e m p r e s s u r e and a ha l f -w id th of about 
15 m s e c . The i n t ens i t y of t h e s e p r e s s u r e 
p u l s e s fal ls off qu ick ly a long the l eng th of 
the t e s t s ec t i on (e .g . , t h e p e a k va lue m e a s ­
u r e d in the t r a n s i e n t shown in F i g . 5 i s 
about 60 p s i above the l o c a l s y s t e m p r e s ­
s u r e j u s t above the g r id and about 20 p s i 
below the g r id ) . F i g u r e 6 shows a t yp i ca l 
flow p a t t e r n at v a r i o u s t i m e i n t e r v a l s ; it 
i s c l e a r tha t the e j ec t ed gas expands r a ­
d ia l ly to occupy the e n t i r e c r o s s s e c t i o n at 
the poin t of the r e l e a s e and then expands 
ax i a l l y a s a s ing le bubb le . 
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Fig. 6. Sequence of Bubble Expansion at Various Time Inter­
vals for Typical Transient. ANL Neg. No. 900-490. 
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IV. THE MATHEMATICAL MODEL 

A. General Considerations 

Consider a gas plenum of volume V, filled with gas at p r e s su re Pgo-
At time t = 0, the cladding ruptures and the gas is released at such a rate 
(which depends upon the size and position of the clad rupture, the number of 
pins failed, and p r e s s u r e and temperature of the gas in the plenum pr ior to 
rupture) that the ejected gas spreads out uniformly in all subchannels of the 
fuel assembly and subsequently expands axially as a single large bubble. 
In view of the fact that the density of the gas phase is very small compared 
to that of the liquid phase, the inertia and frictional effects of the gas phase, 
as compared to those of the liquid phase, may be neglected: it then follows 
from the momentum equation that the p re s su re within the gas-phase region 
is uniform. The thermal diffusivity of the gas is large compared to that of 
the coolant; for water as a coolant, as in these experiments, the thermal 
diffusivity of the gas is several t imes larger than that of water. The thermal 
diffusivity of the gas (at about 1000°F) is about three to four t imes as large 
as for liquid meta ls . It then follows from the energy equation that the tem­
pera ture within the gas bubble may be taken as approximately uniform. For 
uniform p re s su re and temperature , the equation of state P = pRT indicates 
that the density within the gas bubble may be taken to be uniform. 

1. Governing Equations for Liquid Phase 

The one-dimensional continuity and momentum relations for an 
infinitesimal fluid volume, assuming the flow to be incompressible (justifica­
tion for this assumption is given later) , are 

» 

= 0 (1) 3uA 

ax 

and 

3u Su_ ^ 2 ^ f ul"! 
~ "̂  " s i r " " p Bx ' ^ " Dh 2 

+ ^ ^ = - _ ^ - g - ^ ^ ^ , (2) 

where u, p, and P are the cross-sect ional averages of the longitudinal 
velocity, density, and p r e s su re , respectively; A is the flow area; t is the 
t ime; x is the distance in axial direction; D^ is the hydraulic diameter; 
g is the accelerat ion due to gravity; f is the friction factor given by the 
formula 

f = mRe", (3) 

where Re = uDjj/v; v is the kinematic viscosity, and m and n are con­
stants. It may be noted here that p and v are evaluated at an average tem­
pera ture (which, for example, for a reactor fuel assembly is equal to mean 
of the inlet and exit t empera tures ) . 
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2. Govern ing E q u a t i o n s for Gas P h a s e 

Le t the p r e s s u r e , d e n s i t y , and t e m p e r a t u r e of the gas in t he gas 
p l enum at any t i m e be P g , Pg, and Tg; l e t the c o r r e s p o n d i n g v a l u e s of t h e s e 
p a r a m e t e r s in the gas bubble be P^,, Pb. and T^ . The a p p l i c a t i o n of c o n s e r ­
vation laws for a m u l t i p l e p in f a i l u r e g ives the fol lowing r e l a t i o n s : t he law 
of m a s s conse rva t i on for the gas p l e n u m 

dVpgi 
dt 

and the bubble 

- Q i K t - t i ) , (4) 

dAc(Xu-XT ) Pu ^ , , 
^ \ ^ = i Q i K t - t i ) ; (5) 

the law of ene rgy c o n s e r v a t i o n for the gas p l e n u m 

- Q i C p T g i K t - t j ) , (6) 
dpgiVCvTgi 

dt 

and the bubble 

d p b A j X „ - X L ) C ^ T b j _ d A ^ ( X ^ - X j ^ ) 

dt """ J b dt 

N 
Z QiCpTgiI( t - t i ) + hATS, 

(V) 

where in wr i t ing the above equa t ions it i s a s s u m e d tha t the gas is i d e a l . 
In Eq. 6 it i s impl ied that expans ion of the gas in the gas p l e n u m is ad iaba t ic . 
In the above se t of equa t ions , s u b s c r i p t i r e f e r s to the p in i which r u p t u r e s at 
t ime tj^; N is the to ta l n u m b e r of p i n s r u p t u r e d ; Q- is t he m a s s d i s c h a r g e 
r a t e f rom pin i; A^ is the effect ive flow a r e a of the a s s e m b l y ; C^ and C a re 
the specif ic h e a t s of gas at cons t an t v o l u m e and c o n s t a n t p r e s s u r e , r e s p e c ­
tively; h i s the filn:i h e a t - t r a n s f e r coeff ic ient b e t w e e n the bubble and the 
su r round ings ; AT is the t e m p e r a t u r e d i f f e r ence b e t w e e n bubble and the 
su r round ings ; S is the effect ive s u r f a c e a r e a ; X^ and X L a r e the bubble 
coordina tes (see F i g . 7); I{t - tj) i s the uni t s t ep function def ined a s 

Co for t < t. 
I ( t - t i ) =<^ 

[ l for t 2 t-

where the r u p t u r e t i m e tj h a s the fol lowing spec i f i c a t i ons : 

0 s tj < t j . . 
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and where tj. is the initial t ransi t t ime of the coolant for a single pass 
through the assembly. It may be noted here that, in the present state of the 
ar t , the exact failure mechanism for fuel elements is not yet known and, 
therefore, it becomes necessary that we should assume initiating occur­
rences that may lead to failure propagation. Consequently, depending upon 
the size of assembly and the initial coolant flow rate, we must assume the 
minimum number of pins ruptured and their rupture t imes so that "plug-
type" bubble regime is established (see Eq. 31 below). 

The rate Q^ of gas flow out of plenum i into bubble is , if the 
process of discharge is assumed quasi-stat ionary, equal to 

Qi 
Pb 

C d A i P g i l ^ 
,1/V 

2Y 
Y - 1 gl , 

(Y-O/V 

RTgigc (8) 

for 
g l Y + 1 

Y / ( Y - I ) 

and 

Q; C^iA diA j iPg i Y + 1 

. / (Y- i ) 
2Y (9) 

for 
?b / 2 V Y / ( Y - I ) 

where A^j is the area of breach in pin i; C j j is the coefficient of discharge; 
R is the gas constant; and Y = Cp/C^, In the first case (Eq. 8), the flow is 
subcrit ical , and in the second case (Eq. 9), it is cri t ical . 

B. Application to Reactor Configuration and Conditions 

In a reactor subassembly-configuration (shown in Fig. 7) the coolant 
enters from the inlet plenum, goes through the inlet piece into the test sec­
tion, and exits into the outlet plenum through the transition piece. Since the 
expulsion p rocess , as induced by rapid gas re lease or sudden vaporization 
of the superheated coolant, is highly inertia-dominated and the transient 
t imes of the event a re very short, the inertial contribution of the fluid be­
yond the ends of the subassembly must also be taken into account. 
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EFFECTIVE 
EXIT PLENUM 

TRANSITION PIECE 

FUEL ASSEMBLY 

Aj (EFFECTIVE FLOW AREA} 

GAS BUBBLE 

Fig. 7 

Description of Coordinate System for Reactor-
subassembly Configuration. ANL Neg. No. 900-564. 
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1. Motion of the Uppe r G a s - L i q u i d I n t e r f a c e 

The in t eg ra t ion of Eq . 2 t o g e t h e r wi th the u s e of E q . 1 be tween 
the upper gas - l iqu id i n t e r f ace and s ec t i on E - E ( see F i g . 7), inc lud ing in 
the resu l t ing e x p r e s s i o n the p r e s s u r e - l o s s t e r m s for sudden expans ion 
both at the exit of s u b a s s e m b l y and s e c t i o n E - E , y i e ld s 

Ac \ d^X, 
L - X„ +-. H L r-

^ T r df^ 
P — ( L - X ^ + H L ) 

Sc 

+ P-
- g c 

1 -
^ T r " T r 

H , 

T r D + K, 
T r 

- Kxr - fu- (10) 

where P g is the p r e s s u r e at s ec t i on E - E ; gc i s the d i m e n s i o n a l conve r s ion 
factor; f'j-j. is the f r ic t ion fac to r for t r a n s i t i o n p i e c e (or ou t le t zone) , and 
fy, the fr ict ion fac tor for the s u b a s s e m b l y , is a function of R e y n o l d s number 
(through Eq. 3) based on the ve loc i t y of the u p p e r s lug in the s u b a s s e m b l y ; 
K£ is the p r e s s u r e - l o s s coeff ic ient a t s ec t ion E - E and is g iven by exp re s s ion 

^ T r 
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K j j . i s the p r e s s u r e - l o s s coeff ic ient at the s u b a s s e m b l y exit and is g iven 
by e x p r e s s i o n 

D' j j . is the d i a m e t e r of the t r a n s i t i o n zone (shown in F i g . 7); Dj^ is the 
h y d r a u l i c d i a m e t e r of the s u b a s s e m b l y . 

In the d e r i v a t i o n of E q . 10, the follo\ving b o u n d a r y condi t ion at 
the u p p e r g a s - l i q u i d i n t e r f a c e h a s been u s e d : 

dX 

d t 

and t h e p r e s s u r e in the gas bubble is equal to the p r e s s u r e in the fluid a t 
the g a s - l i q u i d i n t e r f a c e . 

2. I n e r t i a l C o n t r i b u t i o n of F lu id in the Exi t P l e n u m 

As the fluid in the u p p e r s lug beg ins to be a c c e l e r a t e d by the 
expanding gas bubb le , the fluid in the t r a n s i t i o n p i e c e (or ou t le t zone) at the 
in le t to the exi t p l e n u m a s s u m e s a " j e t " ac t ion in a l m o s t " s t a t i o n a r y " 
fluid in the p l e n u m . T h i s r e s u l t s in exchange of the m o m e n t u m of the in ­
coming fluid wi th the s t a t i o n a r y fluid of the p l e n u m . As a c o n s e q u e n c e of 
t h i s l a r g e t r a n s i t i o n in the c r o s s - s e c t i o n a l a r e a at the exit of t r a n s i t i o n 
p i e c e , the r e s u l t i n g flow in the p l e n u m can no l onge r be c o n s i d e r e d to be 
o n e - d i m e n s i o n a l and one cannot extend the u s e of Eq . 2 ( o n e - d i m e n s i o n a l 
d e s c r i p t i o n of the flow) to inc lude the flow in the p l e n u m . To hand le th i s 
s i tua t ion p r o p e r l y , the m o d e l should inc lude the "e f fec t ive" b a c k p r e s s u r e 
P g at the exi t of t r a n s i t i o n p i e c e . T h i s p r e s s u r e in t u r n m u s t be compu ted 
by a s s u m i n g the flow in the p l e n u m to be t h r e e - d i m e n s i o n a l o r , m o r e s i m p l y , 
t w o - d i m e n s i o n a l a x i s y m m e t r i c . Such an a n a l y s i s of the flow in the p l e n u m 
i s p r e s e n t e d in Ref. 12. The a v e r a g e p r e s s u r e at the exit of t r a n s i t i o n p i e c e 
is g iven by the following e x p r e s s i o n : 

P E C ) = P. " U ; ' a' y. < n̂Ĵ K-)Jgc dt 

a* Sc ^ , Q-nJoKa) L "n° J 
( 1 1 ) 

(Contd . ) 
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8b p V V J|(»mb)Ji(°'nb) 

m-i n-m+l 

J^c^b) 4b p \ 1 + -£-pH, 
"^ ("„=>) 

{J„(anb)j ,(a„b) - J„(amb)Jl(o'n>=)' "1 

(Contd. ) 

(11) 

where a^ is a pos i t ive root of the equat ion 

Ji(c^„a) = 0; 

b is the r ad iu s of the t r a n s i t i o n p i e c e ; H i s the he ight of l iqu id co lumn in 
the p lenum; P is the p r e s s u r e on the top of the p l e n u m ; u-pj. is the ve loc i ty 
of fluid in the t r a n s i t i o n p i e c e r e l a t e d to the v e l o c i t y in fuel s u b a s s e m b l y 
through continuity Eq. 1; a is the r a d i u s of equ iva len t p l e n u m which is 
assoc ia ted with a s ingle s u b a s s e m b l y . 

3. Motion of L o w e r G a s - L i q u i d I n t e r f a c e 

The in t eg ra t ion of Eq . 2, with the u s e of Eq . 1, b e t w e e n lower 
gas- l iquid in t e r f ace and the sec t ion t h r o u g h poin t D ( see F i g . 7) g ives us 

— IXL + L I V A : 

A ^ \ d^X^ 

df= 
(L jy+Xj -

pu, |u L l " L 1 - Kr ^L3: 
L i v /A. 

I Dj VAj 
(12) 

In the above equation P Q is the p r e s s u r e at D; Dj i s the d i a m e t e r of the 
inlet zone; fj is the f r ic t ion fac to r and is a function of v e l o c i t y in the in le t 
zone; fj^ is a fr ict ion fac tor b a s e d on the ve loc i t y of the l o w e r s lug in the 
subassembly . Included in the above equa t ion a r e the p r e s s u r e - l o s s t e r m s 
for the grid and for a sudden c o n t r a c t i o n (if the flow d o e s not r e v e r s e in 
the lower slug dur ing the t r a n s i e n t ) or sudden expans ion (if the flow r e ­
ve r sa l takes p lace in lower slug d u r i n g the t r a n s i e n t ) . The l o s s coefficient 
K,- for a sudden con t r ac t ion is given by 

K,. i f , -

fo r sudden expansion it i s given by 
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The method for calculating the loss coefficient K Q for the grid is given in 
Ref. 13. 

4. Inertial Contribution of Fluid in the Inlet Plenum 

In the rapid gas re lease regime, if gas release rates a re 
such that the flow reversa l does not take place, the fluid entering the inlet 
region from the inlet plenum experiences a "contraction" that is , more 
simply, an increase in velocity. This results in a positive contribution to 
the p r e s s u r e gradient between the inlet plenum and inlet region. This posi­
tive contribution in the p r e s s u r e gradient tends to reduce the three-
dimensionality effect discussed previously in relation to the exit plenum 
(this situation is somewhat analogous to the development of incompressible 
boundary-layer flow under p re s su re gradients). Consequently, if flow r e ­
versal does not take place during a transient, it may be adequate to descr ibe 
the flow in the inlet plenum by one-dimensional continuity and momentum 
equations (Eqs. 1 and 2). For this case the p re s su re P Q is given by 

H 

PnW 
I P d^X, 

gc Aip dt̂  AlP/ 
Y-f^V-i^-^' (13) 

where the symbols used are defined in Fig. 7. However, if the flow reversa l 
takes place, the flow "pattern" in the inlet plenum is identical to that in the 
exit plenum and therefore is treated similarly; the p ressu re P D is given by 
expression which is identical to Eq. 11 except fo*r the sign convention. The 
gravitational te rm must appear with a negative sign and the velocity down­
ward (i.e., into the plenum) must be considered positive. 

5. Resolution of Equations for Gas Bubble 

In Eq. 7, the film heat- t ransfer coefficient h for the interface 
between the surroundings and bubble is not known, and any estimate of it 
may suffer from considerable uncertainties (e.g., due to lack of knowledge 
of the two-phase s tructure of interface regions). In view of this it may be 
adequate to replace the energy equation for the expansion of the bubble by 
the assumption that gas in the bubble expands isothermally. The validity 
of this assumption will be judged on the basis of the degree of agreement 
between the theoretical predictions and the experimental data. 

F r o m Eqs . 4 and 6 we obtain 

go 

Y-i 
(14) 
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and the solution of Eq . 4 y ie lds 

Pgi = - v j t , " ^ ' * ^ ^ g -

which, for c r i t i c a l flow th rough the b r e a c h ( i . e . , Q i i s g iven by E q . 9), 

b e c o m e s 

(15) 

Pgi ^(t-ti) + p'V^^/ 
(16) 

whe re 

^di 2 
,(i-v)/^' 

Y + 1 

/ ( Y - . ) 2Y 

and T „ and p „ a r e the in i t ia l t e m p e r a t u r e and d e n s i t y of the gas in a gas 

p lenum. 

Combinat ion of E q s . 4 and 5 g ives 

N 

A c P b ( X u - X L ) - AcPbo(Xuo-XLo) = NVpg„ - ^ ^ P g i - (17) 

whe re p, is the in i t ia l d e n s i t y of gas in the bubb le a t t he i n i t i a l s y s t e m 
p r e s s u r e at the point of b r e a c h ; X^^ - X-^^ i s the in i t i a l n o n z e r o f i c t i t i ous 
length of the bubble . Th i s in i t i a l l eng th of the bubb le h a s b e e n i n t r o d u c e d to 
avoid the p r o b l e m becoming i n d e t e r m i n a t e (to be d e s c r i b e d l a t e r ) at t i m e 
t = 0. Since in t roduc t ion of t h i s quan t i ty r e p r e s e n t s a s o u r c e of e r r o r , it 
is t he r e fo r e chosen as c lo se to z e r o a s p o s s i b l e to k e e p the e r r o r a m i n i ­
m u m . The above equat ion, when c o m b i n e d wi th the fol lowing e q u a t i o n (for 
i s o t h e r m a l expansion) : 

Pb 
Pbo 

Pbo 
(18) 

yields 

bo 

Pbo^t 
p, V, + NVp bo bo '̂ go y vp. 

.2-- '^gi 
(19) 

In the above set of equa t ions , P^,„ i s the in i t i a l p r e s s u r e in t he bubb le and 
is app rox ima te ly ( s u r f a c e - t e n s i o n ef fec ts a r e n e g l e c t e d ) equa l to s y s t e m 
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p r e s s u r e at the l oca t i on of the b r e a c h ; V]-, i s the bubble vo lume at any 
t i m e t; and V^̂  i s the in i t i a l v o l u m e of the bubb le . F r o m Eq. 19 it i s c l e a r 
t ha t if V ĵ(, is s e t equal to z e r o , the p r o b l e m b e c o m e s inde te rn : i ina te ; thus 
the need for choos ing a n o n z e r o p o s i t i v e va lue for V{,(, or X^d - X L Q . In 
o r d e r to d e t e r m i n e P L , Eq . 19 is so lved in conjunct ion with E q s . 10, 12, 
and 16 for cr i t i ca l flow t h r o u g h a b r e a c h , o r Eq . 15, with Qj given by Eq. 8, 
for s u b c r i t i c a l flow t h r o u g h a b r e a c h . 

C. App l i ca t i on to W a t e r O u t - o f - P i l e Conf igura t ion and Condi t ions 

Bypati 

G e n e r a l l y , in m o s t s i m u l a t i o n loops both in - and o u t - o f - p i l e , only 
a l i m i t e d b y p a s s flow is p r o v i d e d , b e c a u s e of the l i m i t e d capac i t y of the 

p u m p s u s e d ; f u r t h e r m o r e , the in le t 
and exit p l e n u m s g e n e r a l l y a r e not 
a d e q u a t e l y s i m u l a t e d . T h i s , in t u r n , 
i m p l i e s tha t such r e a c t o r cond i t ions 
a s cons t an t in le t p r e s s u r e , P ^ T 
( see F i g . 7), and i n e r t i a l l eng th s 
beyond the pin a s s e m b l y a r e not 
ach i eved in m o s t s i m u l a t i o n l o o p s . 
The p r e s e n t w a t e r o u t - o f - p i l e loop 
su f fe r s f rom al l a b o v e - m e n t i o n e d 
s h o r t c o m i n g s , which m u s t be a l lowed 
for in the p r e d i c t i v e m o d e l . 

With the above in view, e q u a ­
t i ons of mot ion of g a s - l i q u i d i n t e r ­
f aces a r e extended to inc lude (i) the 
i n e r t i a l *;oIumn be tween the b r a n c h ­
poin t C of the b y p a s s (see F i g . 8) 
and the point D, (ii) the effect of 
" f i n i t e n e s s " of the b y p a s s flow, and 
(iii) the p r e s s u r e - f l o w c h a r a c t e r ­
i s t i c s of the p u m p s . 

Fig. 8. 

—Pin bund!* 

flow ar«ci 

'Gaa bubbU 

/ Orifiet ff^ 

T 
lnl«t Pl*c« . ^ CLM f 

F o r the conf igura t ion of 
the s i m u l a t i o n loop shown in F i g . 8, 
Eq . 12 is equa l ly a p p l i c a b l e , and 
Eq . 10 is app l i cab l e wi th s l ight 
mod i f i ca t ion (to be d i s c u s s e d l a t e r ) , 
excep t tha t now p r e s s u r e s P Q and 

ob ta ined by solving the following set of e q u a t i o n s . F o r the fluid 

Description of Coordinate System for 
Water Out-of-Pile Loop Configuration. 
ANL Neg. No. 900-543. 

P E ^'"^ 
c o l u m n b e t w e e n po in t s C and D, we have 

P n W = P c ( t ) - P-
-IH Ax duL 

e„ AT dt 
UL l"L I 

2gc A j / VI g . 
(20) 
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between points C and A we have 

Pc(t) = P A T ( ' ) - P J - ^ T V 2 g c 

AT 

Ace 
1 + K^ + f̂  

•'TV "•" -^TH 

l-'TH "*" ^TV "Î T 

gr d t 

where the total velocity UT is obtained by 

UT = (AciiL + "bpAbp)/AT 

and the bypass velocity û p̂ is given by 

(21) 

(22) 

LbV + 1-bH '^"bp „ „ g , 
P z TT- = Pc - PE - P^^bV dt 

"bp l"bp I L ^hV + L b H 
b p - 1 + 

^bp 
Kbp+KbE 

Jpiupl (23) 

In the above set of equations, P^ is the pressure at the inlet to the bypass; 

K is the pressure-loss coefficient for the orifice in the inlet piece; A -̂̂  is 

the cross-sectional area at point C; K T is the combined pressure-loss co­

efficient for the orifice and the gradual contraction at point C; fj and f̂̂  

are the friction factors for the main pipe and the bypass, respectively; 

P A T is the pressure at the exit of the pumps and is determined from 

pressure-flow characteristics of the pumps; K, is the loss coefficient for 

the variable constriction (valve); u is the velocity in the exit plenum. It may 

be noted here that the last term in Eq. 23 represents the kinetic energy of 

the fluid in the plenum based on one-dimensional flow in the plenum. The 

reason for assuming the flow to be one-dimensional rather than three-

dimensional is that the configuration used for the water out-of-pile experi­

ment (see Fig. 8) had a considerable inertial length interposed between exit 

of the pin assembly and inlet of the exit plenum; its contribution outweighed 

the three-dimensional effects of the flow in the plenum. In view of the above 

discussion, the following equations are used to describe the flow in the exit 

plenum. These are 

ApUp = AcUc + ubpAbp 

and 

PE(t) 

TI du^ u u 

gc dt 2gc P D, 
+ P 

g c 
H, 

(24) 

(25) 
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where f_ is the friction factor for the plenum, and P^ is the p re s su re at the 
top of fluid in the plenum. In addition, Eq. 10, which descr ibes the flow be­
tween upper gas-liquid interface and section E-E, is modified as follows. 

4^ 
g c \ 

^ u + A 
T r 

d'X„ 

d f 
- P E - P ^ ( L - X ^ + H L ) 

Be 

+ P-
2gc 

1 -
A T r 

HT 

T r ^ 
T r 

"Tr 
. (26) 

where the second t e rm in the square bracket on the right-hand side has been 
altered to include the kinetic-energy loss between pin assembly and the 
plenum. It may be noted here that in the analysis for the reactor configura­
tion the kinet ic-energy loss between the fuel assembly and the outlet region 
is included in Eq. 10, and the loss between outlet zone and the plenum is 
included in Eq. 11. 

In adapting equations describing expansion of the gas bubble, we note 
that the t ransient in the present water out-of-pile experiment is initiated by 
"breach" of a single pin; this, in turn, implies that Eqs. 4 to 19 are applied 
to the present loop configuration with 

V. QUANTITATIVE CRITERION FOR VALID APPLICATION 
OF THE ANALYTICAL M O ' D E L 

F r o m previous discussions, it is clear that the quantitative cri ter ion 
for which the model is valid must satisfy the following: The flow regime in 
the pin assembly associated with the rapid gas release must be approxi­
mately that of two "separated" phases (i.e., the void fraction in the gas-
phase region is near 100% and this region is confined between two liquid 
slugs). Interpreted mathematically, the above statement of the problem 
becomes 

t , Qi(0)/Pb0 ^ "o^c 
(27) 

1=1 

where Q ( 0 ) is the mass discharge rate of gas from a pin i at t - 0; Uo is 
the initial coolant velocity in the pin assembly; k is the number of pins 
breached at t = 0. 
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t ion nf ^ ' ^ ^ ^ ^ ^ " ^ d p r e v i o u s l y , the gas r e l e a s e r a t e f r o m a p in is a func-

e r m e n f ^ : : r t ; : T ^ ^ - ^ r ^ ^ ^ - °^ ^^^ ^ ^ - ^ - g - ^^ the plen 'um of t he fuel 
b r e T c h t T o ' " ' ^ / . ^ " V " ' ^ l ° '^ - t ion of the b r e a c h in the c l add ing . If the 
e t e r s ' ^ / : l°'^''f ^" ' ^ ^ " - - g i ° " . then in addi t ion to the above p a r a m -
c a ted f L ' H " ^ ^ ^ ^ V " ' ' '^ " ' ^ ° " ' " " ^ " ° " °^ '^^^ P " - " y and the a s s o -
a r e a v a u a b i " . . ' ° " ° ' ^ " " ' ' " " ^* P ' " ^ ^ ^ " ' " ° e x p e r i m e n t a l da ta 
a r e a v a i l a b l e on the p o r o s i t y or p e r m e a b i l i t y and on the n a t u r e of p o r e s in 
can b T m l ^ f ° " „ " ° '^''^''^ " " - ^ t e s of i n t e r n a l f r i c t i ona l p r e s s u r ' e d r ^ 
i n t e r n a W e ; - ''°'"T''i ' " '""^ ^^^^^^^ inves t i ga t i on , we a s s u m e tha t the 
t a U d " f t h ^ h r , ' ^ ' ' ' ' """^ '^ neg l ig ib l e ; t h i s a s s u m p t i o n i s c e r t a i n l y 
v i c in i ty ^ ' ' ° ' " ' ' ^ '"^ ' ^^ g a s - p l e n u m reg ion o r in i t s c l o s e ^ 

of. s a y . ? o ; l ! t : ' t 7 ^ ''IIT'W^''^^' ^«°0 P - ^ - < 1 ^ s y s t e m p r e s s u r e 
r a t i o t o 48) t h ; .^o/^g? ° - ^ ' "^^'^^ '^ ^ ^ ^ ^e low the c r i t i c a l p r e s s u r e 

a t io ( - 0 . 4 8 ) , t h e r e f o r e , for m o s t l i q u i d - m e t a l b r e e d e r r e a c t o r s ft i s v^llH 

r i f c T w ' * ^ % - f ^ U a s d i s c h a r g e t h rough any b r e a c ^ o f f f n i e s i z e s 
c r i t i c a l . In view of the above a s s u m p t i o n , the u s e of Eq . 9 in Eq . 27 give 

i / ( Y - i ) 

\y + 1/ V Y T T 
gcRT„„ k 

'- L CdiA„i a U„A, 

ves 

(28) 

By r e p l a c i n g n bv P / R T J •, -^ / 

t e m p e r a t u r e o f ^ ? h e g a r i n t h f C ''^o.^Y P b o / R T b o , and a s s u m i n g tha t the 

coolant ou t s ide the " e U L : t e ^ oTa^n f ; o r E V ° 2 8 ' t h r f T ^ " ^ ^ ^ " " ^ 

t e n o n for condi t ions for which the a n a l y t i c a l m o d e l i s v ^ U d T ' " ' ' ^ " ^ ^ ^ ^ " ^ -

K 

1 
i=i 

whe 

CdiA„i s p-iiH 
(29) 

' / ( Y - i ) 

P W + i/ V T T 7 -

If all b r e a c h e d p ins have the 
of d i s c h a r g e , C^, Eq. 2 9 ' s T m o H ^ T . ^ r ^ ' ' ' ' ' " ' ' ^ ° ' ^ "^ t>^- --^- coeff ic ient s impl i f i e s to 

A „ ^ - l _ f ^ "oAc 
(30) 
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which for a c i r c u l a r b r e a c h b e c o m e s 

TT A \ > / 2 

4 p ^bo UoAc 
n kCd Pgo / R T 

bogc 
(31) 

VI. COMPUTATIONS AND DISCUSSION OF R E S U L T S 

A. The W a t e r O u t - o f - P i l e S imu la t i on Loop 

The r e l e v a n t p a r a m e t e r s such a s p r e s s u r e - l o s s coe f f i c i en t s , f r i c ­
t ion f a c t o r s , and p r e s s u r e - f l o w p u m p c h a r a c t e r i s t i c s p e r t a i n i n g to the 
w a t e r o u t - o f - p i l e s i m u l a t i o n loop shown in F i g . 8 w e r e d e t e r m i n e d e x p e r i ­
m e n t a l l y . The in i t i a l cond i t ions for s t a r t i n g compu ta t ion w e r e f i r s t d e ­
t e r m i n e d for a given in i t i a l flow t h r o u g h the t e s t sec t ion , fronn s t e a d y - s t a t e 
so lu t ion of Eq . 12 and E q s . 2 0 - 2 6 . T h e s e condi t ions inc lude compu ta t ion of 
the s y s t e m p r e s s u r e a t the c e n t e r of t e s t s ec t ion (the loca t ion of the 
" b r e a c h " ) , flow t h r o u g h the b y p a s s and p r e s s u r e coeff icient for the va lve 
opening in the b y p a s s f r o m the t abu la t ed da t a ( g r aph i ca l r e p r e s e n t a t i o n of 
wh ich is shown in F i g . 9), and in i t i a l exi t p r e s s u r e P ^ T °^ p u m p and the 
c o r r e s p o n d i n g to ta l flow; the l a s t two p a r a m e t e r s w e r e m e r e l y obta ined to 
v e r i f y p r e s s u r e - f l o w c h a r a c t e r i s t i c s (shown in F i g . 10) of the p u m p s . It 
m a y be no ted h e r e that for a s t e a d y - s t a t e so lu t ion for the flow in the loop 
w h o s e p r e s s u r e - l o s s c h a r a c t e r i s t i c s a r e known, t h e r e a r e m o r e equa t ions 
a v a i l a b l e than the n u m b e r of unknowns , and t h e s e addi t iona l equa t ions can 

180 220 260 300 
STEADY STATE BYPASS FLOW, gp,n 

100 150 
DISCHARGE, gpm 

Fig. 9 

Measured Distribution of Pressure-loss Coefficient 
of Variable Constriction (valve) in the Bypass as a 
Functionof Steady-state Bypass Flow. ANL Neg. 
No. 900-541. 

Fig. 10 

Variation of Pressure at Exit of 
Pump with Pump Capacity. ANL 
Neg. No. 900-565. 



30 

be utflized to generate the pressure-flow character is t ics of the pumps for 
various rates of flow through the test section. More specifically, we solve, 
for a given flow through the test section, the steady-state form of Eq. 25 
to give P E in te rms of u or ufep (see Eq. 24) which, when substituted into 
the steady-state form of Eq. 26, gives P^, in t e rms of Ubp. The substitution 
of Pb in te rms of u^p into the steady-state form of Eqs. 12 and 20 gives P^ 
in terms of u^p. Finally, the steady-state form of Eq. 23, together with the 
data presented in Fig. 9, is solved iteratively to give u^p. Having determined 
Ubp, we use Eq. 22 to determine UT- Equation 21 then provides the c o r r e ­
sponding value of P A T - ^̂  ^^^ above process is repeated for a se r ies of flow 
rates through the test section, we can then generate the pressure-f low char­
acteristics of the pump. The p re s su re P^ so determined at t = 0 is utilized 
to calculate gas density Pb„ from the equation of state, p^o = 'Pho/^'^h''"^^'^^ 
Tb is taken equal to the temperature of the coolant. The gas density of the 
bubble is then utilized to calculate the initial fictitious mass (as discussed 
previously) of gas in the bubble. 

The solution of the dynamic (transient) problem was car r ied out by 
using the System/360 Continuous System Modeling P r o g r a m (CSMP). For 
integration of the coupled differential equations, the fifth-order Milne 
predictor-corrector variable step-size routine (which is incorporated 
into CSMP) was used. The iterative procedure consisted in first determin­
ing the nature (critical or subcritical) of the gas discharge through a given 
size of breach; this, in turn, leads to the selection of the equation (see 
Eqs. 8 and 9) for calculating the discharge rate Qi (i =1 ) . Equation 19 was 
then solved (iteratively) in conjunction with Eqs. 15, 12, and 20-26 and the 
pressure-flow characteris t ics to determine P A T ( ' - ) as a function of pump 
discharge. The results of these computations a re displayed in F igs . 11-28. 

In Figs. 11-16, the comparison between experimental and predicted 
values of displacements of the upper and lower gas-liquid interfaces for 
various test conditions is shown. For a breach size of 0.063-in. diameter 
(see Figs. 11 and 12), the predictions agree well with the experimental data. 
For a breach size of l / l 6 x l / s in. (see F igs . 13-16), the agreement be­
tween the calculations and the observations is fair; this discrepancy may 
partly be attributed to increased effect of compressibi l i ty (and the asso­
ciated pressure pulses) of the coolant due to increased rapidity of the t ran­
sients as compared to those initiated when the breach size was 0.063-in. 
diameter. It may further be pointed out that the measured values of dis­
placements of lower gas-liquid interface were obtained by integrating 
numerically the transient velocity measurements obtained by use of an 
orifice meter placed in the inlet piece (see Fig, 8). This inlet piece had 
three times as big a flow area as that of the 19-pin assembly; therefore, at 
low flow rates in the test section (e.g., 16 fps, which may reach a minimum 
of 9-11 fps in the test section during the t ransient) , the flow ra tes through 
the inlet piece are even lower; the accuracy in measurement of low transient 
velocities m the inlet piece by means of an orifice meter becomes poor. '* 
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Comparison between Experimental and Predicted 
Displacements of Upper and Lower Gas-Liquid Inter­
faces for Initial Test Conditions: CoolantVelocity = 
30 fps; Gas-plenum Pressure = 515.0 psia; Breach 
Size = 0.063-in. Diameter. ANL Neg. No. 900-544. 

Fig. 12 

Comparison between Experimental and Predicted 
Displacements of Upper and Lower Gas-Liquid Inter­
faces for Initial Test Conditions: CoolantVelocity = 
30 fps; Gas-plenum Pressure = 1000.0 psia; Breach 
Size = 0.063-in. Diameter. ANL Neg. No. 900-546. 
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Comparison between Experimental and Predicted 
Displacements of Upper and Lower Gas-Liquid Inter­
faces for Initial Test Conditions: CoolantVelocity = 
28 0 fps; Gas-plenum Pressure = 665.0 psia; Breach 
Size = 1/16 X 1/8 in.^. ANL Neg. No. 900-550. 

Fig. 14 

Comparison between Experimental and Predicted 
Displacements of Upper and Lower Gas-Liquid Inter­
faces for Initial Test Conditions: CoolantVelocity = 
28.0 fps; Gas-plenum Pressure = 995.0 psia; Breach 
Size = 1/16 X 1/8 in.^. ANL Neg. No. 900-545. 
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Comparison between Experimental and Predicted 
Displacements of Upper and Lower Gas-Liquid Inter­
faces for Initial Test Conditions: CoolantVelocity = 
18.0 f[B; Gas-plenum Pressure = 665.0 psia; Breach 
Size = 1/16 X 1/8 in.2. ANL Neg. No. 900-549. 

Fig. 16 

Comparison between Experimental and Predicted 
Displacements of Upper and Lower Gas-Liquid Inter­
faces for Initial Test Conditions: CoolantVelocity = 
18.0 fps; Gas-plenum Pressure = 835.0 psia; Breach 
Size = 1/16 X 1/8 in.2. ANL Neg. No. 900-548. 

T h i s m a y e x p l a i n t h e i n c r e a s e d d i f f e r e n c e s b e t w e e n t h e p r e d i c t e d a n d t h e 

m e a s u r e d v a l u e s of d i s p l a c e m e n t s of t h e l o w e r g a s - l i q u i d i n t e r f a c e a t l o w e r 

flow r a t e s ( e . g . , 18 f p s ; s e e F i g s . 15 a n d 16) a s c o m p a r e d t o h i g h e r f l o w 

r a t e s ( e . g . , 28 f p s ; s e e F i g s . 13 a n d 1 4 ) . 

F i g u r e s 1 7 - 1 9 c o m p a r e t h e p r e d i c t e d a n d m e a s u r e d v a l u e s of t h e 

p r e s s u r e i n t h e g a s p l e n u m d u r i n g g a s d i s c h a r g e . T h e v a l u e s of t h e c o e f f i ­

c i e n t of d i s c h a r g e u s e d in c a l c u l a t i o n s f o r d i s c h a r g e of g a s t h r o u g h a b r e a c h 

of 0 . 0 6 3 - i n . d i a m e t e r w e r e t a k e n f r o m R e f . 1 5 , in w h i c h t h e c o e f f i c i e n t of 

d i s c h a r g e for a c o m p r e s s i b l e flow t h r o u g h a x i s y m m e t r i c o r i f i c e s h a s b e e n 

c o m p u t e d a s a f u n c t i o n of p r e s s u r e r a t i o , w h i c h f o r c r i t i c a l f l o w t h r o u g h 

t h e b r e a c h i s e q u a l t o [ 2 / ( Y + 1 ) ] V ' V - i ) . i n F i g . 1 7 ( b ) , t h e g a s flow t h r o u g h 

t h e b r e a c h r e m a i n s c r i t i c a l t h r o u g h o u t t h e t r a n s i e n t , a n d t h u s t h e p r e s s u r e 

r a t i o s t a y s f i x e d [ a t 0 . 4 8 7 f o r a r g o n g a s (y = 1 . 6 6 8 ) u s e d in t h e s i m u l a t i o n 

e x p e r i m e n t ] . T h e u s e of a f i x e d v a l u e ( 0 . 7 2 ) of t h e c o e f f i c i e n t of d i s c h a r g e , 

a s o b t a i n e d f r o m R e f . 1 5 , g i v e s a n e x c e l l e n t a g r e e m e n t b e t w e e n t h e o r y a n d 

t h e m e a s u r e m e n t s . H o w e v e r , i n F i g . 1 7 ( a ) t h e v a l u e of c o e f f i c i e n t of d i s ­

c h a r g e h a d t o b e r e d u c e d b y a b o u t 1 0 - 1 3 % f r o m t h e v a l u e g i v e n i n R e f . 15 

in o r d e r t o i m p r o v e a g r e e m e n t b e t w e e n t h e t h e o r y a n d t h e n : i e a s u r e m e n t s . 

F o r a r e c t a n g u l a r b r e a c h , t h e r e a r e n o d a t a a v a i l a b l e f o r t h e c o e f f i c i e n t 

of d i s c h a r g e a n d , t h e r e f o r e , t h e v a l u e h a d t o b e c h o s e n s o m e w h a t a r b i ­

t r a r i l y t o c a r r y o u t t h e c a l c u l a t i o n s . I t w a s f o u n d t h a t a v a l u e of 0 . 5 p r o ­

d u c e d a n e x c e l l e n t a g r e e m e n t b e t w e e n t h e t h e o r y a n d t h e d a t a ( s e e F i g s . 18 

and 19) . 

F i g u r e s 2 0 - 2 2 c o m p a r e t h e p r e d i c t e d a n d t h e m e a s u r e d t r a n s i e n t 

p r e s s u r e s a t t h r e e d i f f e r e n t a x i a l l o c a t i o n s i n t h e t e s t s e c t i o n ; t h e l a r g e 
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Fig. 17 

Temporal Variation of Pressure in Gas Ple­
num during Gas Discharge for Initial Test 
Conditions: Coolant Velocity = 30.0 fps; 
Breach Size = 0.063-in. Diameter, (a) Gas-
plenum pressure = 515 psia; (b) Gas-plenum 
pressure = 1000 psia. ANL Neg. No. 900-556. 

Fig. 18 

Temporal Variation of Pressure in Gas Ple­
num during Gas Discharge for Initial Test 
Conditions: Coolant Velocity = 28.0 fps; 
Breach Size = 1/16 x 1/8 in.^. (a) Gas-
plenum pressure = 665 psia; (b) Gas-plenum 
pressure = 995 psia. ANL Neg. No. 900-552. 

Fig. 19 

Temporal Variation of Pressure in Gas Ple­
num during Gas Discharge for Initial Test 
Conditions: Coolant Velocity = 18.0 fps; 
Breach Size = 1/16 x 1/8 in.^. (a) Gas-
plenum pressure = 665 psia; (b) Gas-plenum 
pressure = 835 psia. ANL Neg. No. 900-547. 
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Temporal Distribution of Pressures at Various 
Locations in Test Section for InitialTest Con­
ditions: Coolant Velocity = 30.0 fps; Gas-
plenum Pressure = 1000.0 psia; Breach Size = 
0.063-in. Diameter. ANL Neg. No. 900-553 
Rev. 1. 

Fig. 21 

Temporal Distribution of Pressures at Various 
Locations in Test Sectionfor InitialTest Con­
ditions: Coolant Velocity ~ 28.0 fps; Gas-
plenum Pressure - 995.0 psia; Breach Size = 
1/16 X 1/8 in.2. ANL Neg. No. 900-551. 

Fig. 22 

Temporal Distribution of Pressures at Various 
Locations in Test Sectionfor InitialTest Con­
ditions: Coolant Velocity = 18.0 fps; Gas-
plenum Pressure - 835.0 psia; Breach Size = 
1/16 X 1/8 in.2. ANL Neg. No. 900-566. 
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discrepancy between the measured and predicted values in the initial par t 
of the t ransient is part ly due to the compressibili ty effect of the coolant 
(which, of course, donninates in the initial part of the transient) . Fur ther ­
more , it is expected that the maximum of the intensity of p re s su re occurs 
at the central breached pin during the initial burst of the gas, and it atten­
uates as the p r e s s u r e pulse t ravels towards the wall of the test section, 
where the p r e s s u r e pulses are measured. This attenuation in the intensity 
of p r e s s u r e pulses is due to energy dissipation because of fluid viscosity, 
s t ructural deformation, and reflection from the pins surrounding the central 
pin. However, in the later par t of the transient, during which compress­
ibility effects of the coolant are not as dominant, the agreement between the 
predict ions and the measured values improves considerably. 

F igures 23-25 show the calculated t rans ien t -pressure distributions 
at three different locations in the simulation loop. These figures clearly 
indicate that the constant "inlet" p r e s su re condition, which is generally 
applicable in the reactor configuration, does not hold good in the present 
simulation loop. There is as much as 20% variation in the pump discharge 
p r e s s u r e (see Fig. 25), and considerably more variation in the p re s su re 
below the grid and at the bypass inlet during a transient. The explanation 
for any specific difference between three cases presented in Figs . 23-25 
becomes evident by reference to F igs . 26-28; the latter figures show cor re ­
sponding (to p r e s s u r e variation at the locations considered) variation of 
flow ra tes through the test section, the bypass, and the total-flow pipe. 

At the higher initial coolant velocity of 30 fps (see Fig. 26), the ini­
tial total flow is considerably reduced as compared to initial total flow at 
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Fig. 23 

Predicted Temporal Distribution of Pressures 
at Various Locations in Loop for Initial Test 
Conditions: Coolant Velocity = 30 fps; Gas-
plenum Pressure = 1000.0 psia; Breach Size = 
0.063-in. Diameter. ANL Neg. No. 900-559. 

Fig. 24 

Predicted Temporal Distribution of Pressures 
at Various Locations in Loop for Initial Test 
Conditions: CoolantVelocity = 28.0 fps; Gas-
plenum Pressure = 995.0 psia; Breach Size = 
1/16 X 1/8 in.2. ANL Neg. No. 900-558. 
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•PRESSURE BELOW GRID 

.-BYPASS INLET PRESSUfiE 

- P U M P DISCHARGE PRESSURE 

Fig. 25 

Predicted Temporal Distribution of Pressures at 
Various Locations in Loop for Initial Test Con­
ditions: Coolant Velocity = 18.0 fps; Gas-
plenum Pressure = 835.0 psia; Breach Size = 
1/16 X 1/8 in.2. ANL Neg. No. 900-542. 

Fig. 26 

Predicted Temporal Variation of Flow for 
Initial Test Conditions: Coolant Velocity = 
30 fps; Gas-plenum Pressure - 1000.0 psia; 
Breach Size = 0.063-in. Diameter. ANL 
Neg. No. 900-560. 
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Fig. 27 

Predicted Temporal Variation of Flow for Initial 
Test Conditions: Coolant Velocity = 28.0 fps; 
Gas-plenum Pressure = 995.0 psia; Breach Size -
1/16 X 1/8 in.2. ANL Neg. No. 900-563. 

Fig. 28 

Predicted Temporal Variation of Flow for Initial 
Test Conditions: Coolant Velocity - 18.0 fps; 
Gas-plenum Pressure = 835.0 psia; Breach Size = 
1/16 X 1/8 in.2. ANL Neg. No. 900-561. 

the lower ini t ial coolant ve loc i ty of 18 fps ( see F i g . 28). T h i s r e d u c t i o n in 
the init ial total flow in the f o r m e r c a s e is due to i n c r e a s e d p r e s s u r e d r o p 
a c r o s s the t e s t sect ion and the inlet p i e c e . With r e f e r e n c e to c a s e s p r e ­
sented in F i g s . 26 and 27, it m a y be noted tha t t h e r e i s only a s l igh t v a r i a ­
tion in the bypass flow (~2-3%), and the effect of r e d u c t i o n in t e s t s ec t i on 
flow is felt in the total flow and is r e d u c e d c o r r e s p o n d i n g l y . The e x p l a n a ­
tion for th is l i e s in the fact tha t the initiftl flow t h r o u g h the t e s t s e c t i o n i s 
control led by vary ing the va lve opening in the b y p a s s and, a t i n c r e a s e d 
flows through the t e s t sec t ion , a c o n s i d e r a b l e p r e s s u r e d r o p o c c u r s a c r o s s 
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the bypass. There exists only a small p re s su re drop across the total-flow 
pipe; consequently, any changes in the flow through the test section are 
di rect ly reflected in the total flow. At low initial flow rates through the test 
section (see Fig. 28), the reduction in the flow through the test section during 
the t ransient is shared by increase in the bypass flow and the reduction in 
the total flow. It may be noted here that the relative amount of changes in 
flow through the bypass and the total-flow pipe during a transient are strictly 
function of the pressure-f low character is t ics of the pumps and p r e s s u r e - l o s s 
charac te r i s t i cs of the res t r ic t ions in the system. 

Let us now apply the cri ter ion given in Eq. 31 to test the applicability 
of the analytical model to the present simulation experiment. The values of 
the p a r a m e t e r s that occur in Eq. 31 were taken as follows: 

Uo = 30 fps; Ac = 0.731 in.^ P^o = 56.7 psia; 

Pg„ = 1000 psia; k = 1; C^ = 0.72; T^^ = 530°R; 

R = 38.66 fl-lbf/lb^-°R; Y = 1-668; p = 1.377. 

The substitution of the above values of the pa ramete r s in Eq. 31 yields 

d 2 0.061 in. 

Thus, according to the above cr i ter ion for initiating rapid gas re lease , the 
choice of a breach of 0.063-in, diameter in the simulation experiment was 
adequate for establishing the 'p lug-type" bubble regime, and good agreement 
between the measurements of the event and the predictions of the model p r o ­
vides to some extent indirect confirmation of Eq. 31. 

% 
B. Reactor Configuration and Conditions 

Since comparison of the mathematical model with the measured 
values of the flow t ransients initiated in the simulation loop by a rapid gas 
re lease has confirmed principal applicability of the model, the model can 
now be applied to the fas t - reac tor configuration. The par t icular configura­
tion chosen was that of the Fas t Flux Test Facflity (FFTF). The reactor 
p a r a m e t e r s used for the purpose of the calculations a re as follows: 

Dimensions (in inches): 

L = 96.0, H L = 24.0, Ljy = 36.0; 

H = 240; Dĵ  = 0,1281; Hjp = 132; 

A^ = 6.724, Axr = Aj = 16.274; V = 1.26. 

The c ross -sec t iona l area of the equivalent plenum is found by utilizing the 
continuity equation under s teady-state conditions. This gives us 
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NAUTr(°)ATr = ApUp(O), 

whe re N A is the n u m b e r of a s s e m b l i e s in the r e a c t o r . The above equa t ion 
impl ies that the equivalent p l e n u m ( i . e . , p o r t i o n of the p l e n u m a s s o c i a t e d 
with a single subas semb ly ) m u s t have a c r o s s - s e c t i o n a l a r e a equa l to 
A / N A - Based on 92 effective ( those t h rough which the coolan t flows) s u b -
a L e m b l i e s and a 20-ft d i a m e t e r of the p l e n u m , the above c o n s i d e r a t i o n s 
gave us a c r o s s - s e c t i o n a l a r e a of the equ iva len t in le t and exi t p l e n u m s of 
491 in.V 

Additional p a r a m e t e r s : 

Coolant ve loc i ty = 25.5 fps 

Inlet t e m p e r a t u r e = 740°F 

Outlet t e m p e r a t u r e = 1100°F 

C o v e r - g a s p r e s s u r e = 14.7 p s i a 

G a s - p l e n u m p r e s s u r e = 1000 p s i a . 

The use of the above p a r a m e t e r s and t hose ob ta ined f r o m s t e a d y -
s ta te solution of E q s . 10-13 and 31 gave for the n u m b e r of fai led p in s 
k = 10 and Cj = 0.62, the following c r i t e r i o n for the a p p l i c a b i l i t y of the 
model : 

d 2 0.067 in. 
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Calculated Displacements of Upper 
and Lower Gas-Liquid Interfaces for 
FFTF Fuel Subassembly for Initial 
Conditions; Coolant Velocity = 
25.5 fps; Gas-plenum Pressure = 
1000.0 psia. ANL Neg. No. 900-555. 

In o b t a i n i n g t h i s c r i t e r i o n , i t w a s a s s u m e d t h a t 

b r e a c h e s in a l l p i n s o c c u r r e d a t 2 8 . 0 i n . f r o m 

t h e b o t t o m of t h e p i n a s s e m b l y . T h e f u e l r e ­

s i s t a n c e t o t h e g a s f l o w w a s n e g l e c t e d . 

A f t e r h a v i n g o b t a i n e d t h e c r i t e r i o n f o r 

e s t a b l i s h i n g t h e a p p l i c a b i l i t y of t h e m o d e l , t h e 

d y n a m i c s o l u t i o n of E q s . 1 0 - 1 3 , 1 9 , 1 5 , a n d 8 o r 

9 ( d e p e n d i n g u p o n w h e t h e r t h e flow t h r o u g h t h e 

b r e a c h w a s s u b c r i t i c a l o r c r i t i c a l ) w a s o b t a i n e d 

f o r v a r i o u s b r e a c h s i z e s . T h e r e s u l t s of t h e 

c o m p u t a t i o n s a r e d i s p l a y e d i n F i g . 2 9 . T h e c a l ­

c u l a t i o n s f o r " i n f i n i t e " b r e a c h ( i . e . , t h e e x p a n ­

s i o n of t h e g a s i s c o n t i n u o u s a n d t h e p r e s s u r e 

in t h e b u b b l e i s e q u a l t o p l e n u m p r e s s u r e f o r 

a s l o n g a s t h e b u b b l e s t a y s i n c o n t a c t w i t h t h e 

b r e a c h ) w e r e a l s o c a r r i e d o u t ; t h e r e s u l t s a r e 

a l s o s h o w n i n F i g u r e 2 9 . T h i s f i g u r e i n d i c a t e s 

t h a t t h e r e v e r s a l of t h e flow b e g i n s t o o c c u r 

f o r b r e a c h e s l a r g e r t h a n 0 . 0 7 5 i n . i n d i a m e t e r 
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for a rupture of 10 pins. For very large breach sizes flow reversal is 
almost "instantaneous," and it takes as much as 130 msec before the flow 
recovers back to normal . It may further be observed that there is consider­
ably more spread in displacements of the lower gas-liquid interface as com­
pared to the spread in displacements of the upper gas-liquid interface. This 
is mainly due to longer frictional and inertial lengths of the upper slug as 
compared to the lower slug. Fur thermore , the presence of the instrument 
package near the top end of the pin assembly causes a considerable p r e s su re 
drop (~15 psi at 25.5 fps). The combined effect of all these is to impede the 
expulsion of the upper slug. This impedance increases with the increase in 
velocity, and therefore the spread in displacements of the upper gas-liquid in­
terface is not as much as it is for displacements of the lower gas-liquid interface. 

VII. CONCLUSIONS 

It would appear from the experiment that the flowtransients inducedby 
•rapid gas re lease a re of relatively short duration, so that it may be expected 
that the coolant flow will be reestablished pr ior to overheating of the adjacent 
fuel pins. However, the experiment did not simulate very closely the actual 
reactor conditions in several aspects . Therefore, the experimental data 
presented should not be taken as completely representative of what will 
happen under actual reactor conditions. Notwithstanding this, the experi­
ment has reasonably achieved the objectives of (1) furnishing a good physical 
picture of the phenomena involved with rapid gas release and (2) providing 
the means for developing a mathematical model capable of predicting the 
flow t rans ients in a reactor configuration, as well as in out-of-pfle and in-pile 
test loops. In addition, the model developed can easfly be applied to cal­
culate voiding ra tes due to fission gas release in whole-core accidents. 
Best agreement between experiment and calculation was achieved for breach 
sizes which were only slightly larger than the minimum size required for 
valid application of the analytical model. For larger breach sizes, the 
discrepancy between the calculations and the experimental data was a t t r ib­
uted to compressibi l i ty effects of the coolant resulting from the increased 
severi ty of the flow t rans ien ts . 

F r o m the sample calculations presented for an F F T F fuel-
subassembly configuration (with a simultaneous rupture of 10 pins and 
neglecting the res is tance to the flow of gas internally in the fuel), the max­
imum gas-blanketing time was found to be ~100 msec . Calculations of 
c lad- tempera ture t ransients (at the location of maximum linear heat rating) 
show that complete thermal insulation of a fuel pin for 100 msec will resul t 
in a r i s e of ~100°C. It would therefore appear that temperature t ransients 
due to rapid gas re lease caused by simultaneous rupture of as many as 
10 pins do not lead to further clad failures. 
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The e x p e r i m e n t a l and ana ly t i ca l w o r k p r e s e n t e d h e r e i n d i c a t e s the 

following n e c e s s a r y a r e a s for future effort: 

1. Check the ana ly t i ca l mode l aga ins t e x p e r i m e n t a l r e s u l t s to be 
obtained in a l a r g e r pin a r r a y , u s ing a t e s t loop which s i m u l a t e s m o r e 
c lose ly the ac tual r e a c t o r cond i t ions . 

2. Include c o m p r e s s i b i l i t y effects of the coolan t to i m p r o v e a g r e e ­
ment between the p r e d i c t i o n s and the da t a for b r e a c h s i z e s c o n s i d e r a b l y 
l a r g e r than the m i n i m u m r e q u i r e d for val id app l i ca t i on of the m o d e l . 

3. Extend the ana ly t i ca l m o d e l to a t h r e e - d i m e n s i o n a l t r e a t m e n t 
of the case in which the gas bubble does not occupy the e n t i r e fuel-
s u b a s s e m b l y c r o s s sec t ion . 

It is expected that the w o r k u n d e r i t e m s 2 and 3 wil l c o n t r i b u t e to ga in ing 
a be t t e r unde r s t and ing as to the p o s s i b i l i t y of f u e l - f a i l u r e p r o p a g a t i o n 
through m e c h a n i c a l loading effects due to p r e s s u r e p u l s e s . 
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